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The severity of aortic stenosis was evaluated by Doppler 
echocardiography in 48 adults (mean age 67 years) 
undergoing cardiac catheterization. Maximal Doppler 
systolic gradient correlated with peak to peak pressure 
gradient (r = 0.79, y = 0.63x + 25.2 mm Hg) and 
mean Doppler gradient correlated with mean pressure 
gradient (r = 0.77, Y = 0.5,}x + 1".0 mm Hg) by 
manometry. The transvalvular pressure gradient is flow 
dependent, however, and associated left ventricular dys•
function was common in our patients (33%). Thus, of 
the 32 patients with an aortic valve area less tball or 
equal'to 1.0 cm2 at catheterization, 6 (19%) had a peak 
Doppler gradient less than 50 mm Hg. 
To take into account the influence of volume flow, 
aortic valve area was calculated as stroke volume, mea· 
sured simultaneously by thermodilution, divided by the 
Doppler systolic velocity integral in the aortic jet_ Aortic 
valve areas calculated by this method were compared 
with results at catheterization in the total group (r = 
0.71). Significant aortic insufficiency was present in 71 % 
of the population. In the subgroup without significant 
coexisting aortic insufficiency, closer agreement of valve 
area with catheterization was noted (n = 14, r = 0.91, 
y = 0.83x + 0.24 cm!). 
The diagnosis of hemodynamically significant aortic ste•
nosis remains an important clinical problem. Physical ex•
amination may be misleading, especially in elderly patients. 
whose symptoms may be due to other cardiac or noncardiac 
causes. Aortic stenosis can be excluded when two-dimen•
sional echocardiography shows normal leaflet separation, 
but patients with severe stenosis cannot be distinguished 
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Transaortic stroke volume can be determined non•
invasively by Doppler echocardiographic measures in the 
left ventricular outflow tract, just proximal to the ste•
notic valve. Aortic valve area can then be calculated as 
left ventricular outflow tract cross-sectional area times 
the systolic velocity integral of outflow tract flow, divided 
by the systolic velscity integral in the aortic jet. Using 
this approach, noninvasive aortic valve areas compared 
well with valve areas calculated at catheterization (r = 
0.86, y = O.96x + 0.19 cm2). A simple index, derived 
as the ratio of the systolic velocity integral in the left 
ventricular outflow tract to that in the aortic jet, pro•
vided better identification of patients with severe stenosis 
(sensitivity = 97%) than did the Doppler pressure gra•
dient alone (sensitivity = 81 %). 
These results show that noninvasive calculation of 
aortic valve area using Doppler echocardiography is fea•
sible. The simple Doppler ratio may be useful clinically 
for identifying patients with severe stenosis, especially 
when low transaortic flow is suspected. 
(J Am Coil Cardiol 1986;7:509-17) 
from those with milder obstruction when leaflet separation 
is diminished (1). Left ventricular wall stress, expressed as 
the ratio between left ventricular wall thickness and internal 
dimension, although a useful index in children, is less help•
ful in adults (2). 
Doppler ultrasound allows noninvasive measurement of 
blood flow velocity. In the stenotic valve, a laminar high•
velocity jet of flow occurs. Measurement of peak jet velocity 
with Doppler ultrasound has been used to determine the 
transvalvular pressure gradient in patients with aortic ste•
nosis (3-10). However, for a fixed degree of aortic stenosis, 
the corresponding pressure gradient varies with trans aortic 
volume flow. Thus. a high pressure gradient can be found 
in the absence of severe stenosis when transaortic volume 
flow is increased (for example, by coexistent aortic insuf-
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ficiency). Conversely, a low pressure gradient can be found 
despite severe stenosis when cardiac output is low. 
A Doppler echocardiographic method to calculate ste•
notic semilunar valve area in children has been proposed, 
based on measurement of the transaortic gradient and de•
termination of volume flow at another intracardiac site (11). 
In adults with pure aortic stenosis, a method that uses cardiac 
output by thermodilution and mean aortic gradient by Dop•
pler ultrasound to calculate aortic valve area has been pro•
posed (12). Preliminary reports (13-17) suggest that Dop•
pler echocardiographic methods alone can be used to calculate 
valve area. However, a totally noninvasive method to de•
termine aortic valve area in adults with aortic stenosis, in•
cluding patients with either depressed left ventricular func•
tion or coexisting aortic insufficiency, has not been described 
(See Addendum). 
In this study, we evaluated four Doppler methods for 
determining the severity of aortic stenosis in adults, using 
results at cardiac catheterization as a reference standard. 
These methods are: 1) Doppler pressure gradient, 2) aortic 
valve area calculated from Doppler and catheterization data, 
3) aortic valve area calculated from Doppler and two-di•
mensional echocardiographic data, and 4) a dimensionless 
index that uses Doppler data alone. 
Methods 
Patient population. Informed consent (Human Subjects 
Office approval 711/83) was obtained from 52 consecutive 
adults undergoing cardiac catheterization for aortic stenosis 
over a 10 month period. Four patients were excluded from 
the study; one had emergency surgery before Doppler stud•
ies could be performed, one had inadequate pressure data 
recorded, one had a technically inadequate Doppler echo•
cardiographic study and one had both inadequate pressure 
and Doppler data. Results in the remaining 48 patients form 
the basis of this report. Patients were not excluded for other 
valvular lesions, congenital disease or coronary artery dis•
ease. Ages ranged from 33 to 84 (mean 67) years, with 36 
men and 12 women. There were 42 (88%) patients over the 
age of 50. All patients were symptomatic: 30 had angina, 
26 had congestive heart failure and 12 had syncope. A 
history of hypertension was present in 19. On physical ex•
amination, all were suspected to have aortic stenosis. 
Cardiac catheterization. Cardiac catheterization was 
performed for standard clinical indications. Pressures were 
measured using fluid-filled catheters connected to Statham 
P23dB transducers and recorded on a Bell and Howell Da•
tagraph 5-134 or a Honeywell Visicorder 1508 at paper 
speeds of 50 and 100 mrnls. In 43 patients, the aortic pres•
sure gradient was measured by retrograde passage across 
the valve, with pressures recorded during pullback in 32 
and by simultaneous left ventricular and femoral artery pres•
sures in 11. Five patients had simultaneous measurement 
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of central aortic and left ventricular pressures by transseptal 
catheterization. 
Forward cardiac output was determined by thermodi•
lution. using a Swan-Ganz catheter, 10 cc bolus injections 
of iced saline and an Edwards Laboratories cardiac output 
computer with strip chart recorder. In 40 patients a right 
anterior oblique single-plane left ventricular angiogram was 
done, allowing calculation of left ventricular volumes and 
total stroke volume (18). Selective coronary angiography 
was performed in 46 patients, although supravalvular aor•
tography was done in only 13 patients. The peak left ven•
tricular to peak aortic pressure gradient was averaged from 
three to five RR interval matched beats and the mean gra•
dient was determined by planimetry. Aortic valve area was 
calculated according to the Gorlin formula (19), using the 
angiographic cardiac output when available. 
Doppler echocardiographic study. This study was per•
formed immediately post-catheterization by a technologist 
and physician unaware of the catheterization results. A Swan•
Ganz catheter was left in position in the pulmonary artery 
so that cardiac output by thermodilution could be determined 
simultaneously with Doppler velocity measures. The aortic 
jet was recorded with both high pulse repetition frequency 
and continuous wave Doppler ultrasound in all subjects. An 
ATL-600 instrument (Advanced Technology Laboratories) 
was used with a 3 MHz transducer in 34 patients and a 2.25 
MHz transducer in 14 patients. With the 3 MHz transducer, 
when the baseline was shifted to the edge of the spectral 
analysis, conventional pulsed Doppler ultrasound allowed 
measurement of a maximal velocity of 1.2 rnls at a depth 
of 15 cm; the maximal velocity measurable at this depth 
increased to 2.8 mls when the pulse repetition frequency 
was doubled, 4.2 m/s when it was tripled and 5.2 mls when 
it was quadrupled. 
High pulse repetition frequency recordings. Although 
suprasternal notch, high right parasternal and apical win•
dows were used in all patients, the highest aortic velocity 
was recorded by high pulse repetition frequency Doppler 
ultrasound from the apex in all 48 patients (100%). Per•
sistent signal aliasing occurred in' 12 high pulse repetition 
frequency studies (25%), in which low signal strength pre•
vented recording the jet at the next higher pulse repetition 
frequency. In these cases, the maximal measureable velocity 
was recorded. In the six cases with a maximal measureable 
velocity greater than or equal to 3.6 rnls (denoting an aortic 
valve gradient greater than 50 mm Hg), the maximal mea•
sureable velocity was used in subsequent calculations. The 
other six high pulse repetition frequency studies with persistent 
aliasing at a low maximal measureable velocity were con•
sidered technically inadequate. In these cases, the contin•
uous wave aortic jet signal was used for subsequent analysis. 
Continuous wave aortic jet recordings. These were made 
using a nonimaging 2 MHz transducer and an Irex II1-B 
instrument (Irex Medical Systems). With continuous wave 
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Doppler ultrasound, the highest velocity aortic jet was re•
corded from an apical approach in 42 (88%) of 48 patients 
and from the suprasternal notch in 6 (12%) of 48 patients. 
With both Doppler systems, the jet was identified by the 
tonal, high-pitched audible signal and by the smooth en•
velope of flow on spectral analysis. In addition to examining 
the jet from several echocardiographic windows, careful 
angulation of the transducer in the elevational plane and 
laterally across the valve was used to find the highest ve•
locity signal. 
Outflow tract flow. Left ventricular outflow tract flow 
was recorded about 1.0 cm below the aortic anulus, using 
pulsed Doppler ultrasound, a sample volume length of 9 
mm and the apical examining window. The Doppler flow 
velocity curve was recorded after repeated sampling across 
the left ventricular outflow tract indicated that the spatial 
profile of flow velocities was relatively uniform. Left ven•
tricular outflow tract internal diameter in midsystole (D) 
was averaged from 5 to 10 beats in the parasternal long•
axis view (Fig. I). Beat to beat variation in diameter was 
minimal. Cross-sectional area was calculated as 7T(D/2)2. 
Figure 1. Top, Left ventricular (LV) outflow tract internal di•
ameter in systole wa~ measured from a parasternal long-axis view, 
as indicated by the arrows. Bottom, The ~ystolic flow velocity 
integral in the left ventncular outflow tract (right) mdicated by 
the cross-hatched area, was recorded from an apical window (left) 
with the sample volume (arrow) positioned proximal to the aortic 
(Ao) valve. LA = left atrium: RA = right atrium. 
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Aortic insufficiency. Aortic insufficiency was recorded 
using pulsed Doppler ultrasound, with severity estimated 
by flow mapping as mild, moderate or severe (20). Two•
dimensional imaging of the aortic valve and left ventricle 
was done using parasternal long- and short-axis and apical 
four chamber, two chamber and long axis views to assess 
aortic leaflet separation, left ventricular wall thickness, in•
ternal dimensions and systolic function. 
Analysis of Doppler data. The Doppler equation was 
used to convert the measured frequency shift to flow velocity, 
M xc 
v = 
2fo cos 8 ' 
0) 
where v = flow velocity (mls), M = Doppler frequency 
shift (kHz), c = the speed of sound in blood (l,540 mls), 
f(l = transducer frequency (kHz) and () = angle between 
the ultrasound beam and the direction of blood flow. Be•
cause the ultrasound beam direction was adjusted to obtain 
the highest Doppler shift, () was assumed to be close to 00 
or 1800 and therefore cos () = ± 1.0. The peak velocity 
(V max) in the aortic jet was measured using both high pulse 
repetition frequency and continuous wave Doppler ultra•
sound. The systolic velocity integral in the aortic jet and in 
the left ventricular outflow tract was determined by planim•
etry of curves recorded at 50 mmls. All measurements were 
averaged from three to five beats. 
f. The maximal instantaneous pressure gradient (M) 
across the valve was calculated using the modified Bernoulli 
equation: 
(2) 
The mean gradient was determined by integration of the 
Doppler flow velocity curve, with instantaneous pressure 
gradients calculated at 10 ms intervals, using an Insight 
2000 Cardiac Analysis System (Franklin, Inc,). 
II. Several investigators (21-24) have shown that when 
blood velocities are uniform volume flow can be measured 
as 
SV = CSA x SVI, (3) 
where SV = stroke volume, CSA = cross-sectional area 
of flow and SVI = systolic velocity integral of flow at that 
site. Therefore, because flow in the jet through the narrowed 
aortic orifice is laminar, stroke volume in the aortic orifice 
equals aortic valve area (A V A) times the systolic velocity 
integral of the aortic jet (SVIAo)' This equation was solved 
for aortic valve area, using the Doppler aortic jet velocity 
integral and stroke volume measured simultaneously by the 
thermodilution method: 
SV 
AVA =-•
SVIAo ' 
(4) 
flf. Next we postulated that transaortic stroke volume 
can be measured just below the stenotic aortic valve as the 
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cross-sectional area of the left ventricular outflow tract 
(CSALvoT) times the systolic velocity integral of flow 
(SVILvoT). As the volume of systolic flow through the left 
ventricular outflow tract and that in the aortic jet must be 
equal, aortic valve area (A V A) can be calculated (Fig. 2) as 
SVILVOT X CSALvoT 
AVA = SVI
Ao 
(5) 
This allows a totally noninvasive determination of aortic 
valve area. 
IV. Finally, we evaluated a dimensionless ratio derived 
from equation (5), 
Doppler ratio = SVILVOT 
SVIAo ' 
(6) 
as a simplified method to assess the severity of aortic stenosis. 
Data analysis. The Doppler echocardiographic study and 
the cardiac catheterization were performed and interpreted 
by independent observers. Intra- and interobserver varia•
bilities for measurement of maximal aortic jet velocity, the 
systolic velocity integral in the aortic jet and left ventricular 
outflow tract, and outflow tract diameter were evaluated 
using the mean coefficient of variation (Table 1). 
Catheterization and Doppler measures of the severity of 
aortic stenosis were compared using linear regression. Mean 
pressure gradient by Doppler echocardiography was com•
pared with mean pressure gradient at catheterization. Al•
though Doppler maximal instantaneous pressure gradient 
should equal maximal pressure gradient at catheterization 
(10), high-quality simultaneous left ventricular and aortic 
pressure tracings were available only in a minority of pa•
tients. Therefore, for consistency, Doppler maximal pres•
sure gradient was compared with peak left ventricular to 
peak aortic pressure gradient at catheterization, although we 
did not expect maximal and peak to peak gradients to be 
identical. Aortic valve area by Doppler echocardiography 
was compared with valve area at catheterization. 
Identification of severe versus mild to moderate aortic 
Figure 2. Noninvasive calculation of aortic valve area (A VA). 
SVAo = SVLVOT; SVIAo x AVA = SVILvoT x CSALvoT; AVA 
= (SVILvoT x CSALvoT)/SVIAo- Ao = aortic jet; CSA = cross•
sectional area; LA = left atrium; LV = left ventricle; L VOT ~ 
left ventricular outflow tract; SV = stroke volume; SVI = systolIc 
velocity integral. 
Table 1. Mean Coefficient of Variation (%) 
Intraobserver 
Measurement (n = 48) 
Vmax 
Ao jet HPRF 2.2 
Ao Jet CW 3.2 
LVOT 3.0 
SVI 
Ao jet 6.0 
LVOT 5.9 
Diameter 
LVOT 5.1 
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Interobserver 
(n = 12) 
2.4 
3.1 
3.9 
7.5 
7.5 
7.9 
Ao Jet = aortIc jet; CW = continuous wave Doppler ultrasound; HPRF 
high pulse repetition frequency Doppler ultrasound; L VOT = left 
ventricular outflow tract; SVI = systohc velocity Integral; V max = maximal 
velOCIty. 
stenosis by Doppler methods was compared with catheter•
ization using two by two tables and chi-square with Yates' 
correction. Our study goal was to evaluate the use of Dop•
pler methods in aortic stenosis, and not to establish new 
criteria defining what constitutes "critical" stenosis. More•
over, even standard cardiology textbooks (25,26) are not 
unanimous as to what degree of aortic stenosis is critical. 
Accordingly, we defined severe aortic stenosis as a valve 
area less than or equal to 1.0 cm2 • This definition is ad•
mittedly arbitrary, but it is in keeping with clinical practice 
in our area. 
The paired Student's t test was used to compare heart 
rate and cardiac output at the time of catheterization with 
heart rate at the time of Doppler echocardiographic study. 
The unpaired Student's t test was used to compare the sys•
tolic velocity integral ratio in patients with and without 
severe aortic stenosis. 
Results 
Cardiac catheterization findings. The peak left ven•
tricular to peak aortic pressure gradient ranged from 1 to 
136 (mean 52) mm Hg. The mean valve gradient ranged 
from 2 to 105 (mean 47) mm Hg. Aortic valve area ranged 
from 0.3 to 3.7 (mean 1.1) cm2 ; 32 patients had a valve 
area less than or equal to 1.0 cm2 and 16 patients had a 
valve area greater than 1.0 cm2 • Of the patients with a valve 
area less than or equal to 1.0 cm2 , seven (22%) had peak 
to peak and mean aortic pressure gradients less than 50 
mm Hg. 
The cardiac index was 1.9 to 7.8 (mean 3.1) liters/min 
per m2 . A cardiac index less than 2.5 liters/min per m2 was 
present in 16 of 48 patients (33%). There was no significant 
difference between the forward cardiac output recorded at 
catheterization and during the echocardiogram. However, 
heart rate was lower at the time of echocardiographic study 
(mean = 63 beats/min) than at catheterization (mean = 71 
beats/min) (p < O.OI). 
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Of the 46 patients in whom coronary angiography was 
performed. 18 had no significant coronary artery lesions, 
while greater than 50% coronary luminal diameter narrow•
ings were present in 28 patients (single vessel in 10, double 
vessel in 7, triple vessel in 10 and left main disease in 1). 
Doppler Echocardiographic Findings 
This study showed thickened aortic valve leaflets with 
reduced mobility in all 48 patients. Leaflet separation was 
less than 15 mm in 47 patients (including 15 of 16 with a 
valve area> 1.0 cm2) and less than 12 mm in 39 patients. 
Left ventricular hypertrophy (wall thickness?: 12 mm) was 
present in 38 patients (including 9 of 16 with an aortic valve 
area> 1.0 cm2). 
Aortic insufficiency was detected by Doppler ultrasound 
in 40 of the 48 patients (83%), and was mild in 6, moderate 
in 21 (44% of total) and severe in 13 (27% of total). Left 
ventricular outflow tract diameter ranged from 1. 7 to 3.5 
(mean 2.4) cm2 • Maximal velocity in the outflow tract ranged 
from 0.5 to 1.8 (mean 0.9) mls. Left ventricular outflow 
tract flow velocity was increased in patients with severe 
aortic insufficiency and decreased in patients with low car•
diac output. The maximal velocity in the aortic jet ranged 
from 1.5 to 5.1 mls by high pulse repetition frequency 
(HPRF) and 1.7 to 5.1 mls by continuous wave (CW) Dop•
pler ultrasound. The two Doppler methods correlated well 
(r = 0.94, HPRF = 0.99CW - 0.11 mls) in these patients. 
Doppler Measures of the Severity of Aortic Stenosis 
Doppler pressure gradient. The maximal instanta•
neous Doppler (DOP) gradient (equation 2) correlated well 
with the peak left ventricular to peak aortic pressure at 
catheterization (CATH) (r = 0.79, DOP = 0.63CATH + 
Figure 3. Severity of aortic stenosis by Doppler ultrasound. Top, 
Aortic valve area at catheterization (~1.0 cmz or > 1.0 cmZ) is 
compared with Doppler maximal pressure gradient (Max I1P) as 
:;::50 mm Hg or <50 mm Hg (.I = 9.57, p < 0.01). Bottom, 
Aortic valve area is compared with the Doppler systolic velocity 
integral (SVI) ratio (.I = 21.13. p < 0.001). 
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25.2, SEE = 15.7 mm Hg). Calculation of the transaortic 
pressure gradient as 4(V ma/ - V Lvoi)' where V LVOT = 
velocity proximal to the valve, did not improve the corre•
lation (r = 0.77). Of the 32 patients with an aortic valve 
area less than or equal to 1.0 cm2 at catheterization, 6 had 
a maximal Doppler gradient less than 50 mm Hg (5 of the 
6 also had a catheterization gradient < 50 mm Hg). Of the 
16 patients with an aortic valve area greater than 1.0 cm2 , 
5 had a Doppler gradient greater than or equal to 50 mm 
Hg (Fig. 3, top). The mean Doppler gradient correlated well 
with the mean aortic valve gradient at catheterization (r = 
0.77, DOP = 0.59CATH + 10.0 mm Hg, SEE = 11.7 
mm Hg) but did not improve identification of patients with 
severe stenosis. The time to peak velocity divided by the 
systolic ejection period correlated poorly with the aortic 
valve area (r = - 0.30). 
Figure 4. Aortic valve area (A V A) calculated using the ther•
modilution stroke volume and Doppler aortic jet signal is compared 
with aortic valve area at catheterization (CATH) in the total group 
(A) and the subgroup (B) with no or only mild aortic insufficiency 
(AI). 
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Aortic valve area from Doppler and catheterization 
data. Aortic valve area calculated from thennodilution stroke 
volume and the systolic velocity integral in the aortic jet 
(using equation 4) demonstrated general agreement with 
aortic valve area at catheterization for the total group (r = 
0.71, Y = 0.46x + 0.50, SEE = 0.32 cm2) (Fig. 4A). 
For the subgroup (n = 14) with no or only mild aortic 
insufficiency, closer agreement (r = 0.91, Y = 0.83x + 
0.24, SEE = 0.23 cm2) was noted (Fig. 4B). 
Aortic valve area from Doppler and two-dimensional 
echocardiographic data. Aortic valve area calculated non•
invasively using volume flow in the left ventricular outflow 
tract and the systolic velocity integral in the aortic jet (equa•
tion 5) correlated well with the aortic valve area determined 
at catheterization (r = 0.86, Y = 0.96x + 0.19, SEE = 
0.40 cm2) (Fig. 5). Results are equivalent for aortic valve 
index (cm2/m2 body surface area). 
Doppler index. The ratio of the systolic velocity integral 
in the left ventricular outflow tract to the systolic velocity 
integral in the aortic jet was determined (Fig. 6). In the 32 
patients with an aortic valve area less than or equal to 1.0 
cm2 , this ratio ranged from 0.08 to 0.31 (mean ± I SD = 
0.19 ± 0.06). In the 16 patients with an aortic valve area 
greater than 1.0 cmz, it was significantly higher (p < 0.0 I) 
with a range from 0.19 to 0.83 (0.38 ± 0.17). It was 
observed in the first 27 patients that a ratio less than or 
equal to 0.3 was associated with an aortic valve area less 
than or equal to 1.0 cm2. Applying this ratio to a1148 patients 
and using the empirically derived value of 0.3 as the break 
point, we found that 31 of 32 patients with a valve area less 
than or equal to 1.0 cm2 had a Doppler ratio less than or 
equal to 0.3. Thus, five of the six patients with severe aortic 
stenosis but a pressure gradient less than 50 mm Hg were 
correctly identified by a systolic velocity integral ratio less 
than 0.3 (Fig. 3). 
Figure S. Aortic valve area (AY A) calculated totally noninva•
sively by Doppler echocardiography (y axis) versus valve area 
determined at catheterization (CATH) (x axis) by the Godin formula. 
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Figure 6. The Doppler systolic velocity integral (SVl) ratIO. Top. 
Left ventncular outflow tract flow (LYOT), recorded with pUh.ed 
Doppler ultrasound, has a maximal velocity of I m/s. Bottom, 
The aortic (Ao) jet recorded with high pulse repetition frequency 
Doppler ultrasound has a maximal velocity of 4.9 mls. Note the 
different calibrations for the two flows. The systolic velocity index 
(SYI) in the left ventricular outflow tract (LYOT) and in the aortic 
Jet is outlined by the dots. In this example, the Doppler ratio was 
0.24. At catheterization, the aortic valve area was 0.7 cmc. 
Of those with a valve area greater than 1.0 cm2 , II of 
16 had a Doppler ratio greater than 0.3. The same five 
patients with a valve area greater than 1.0 cm2 and Doppler 
pressure gradient greater than 50 mm Hg also had a Doppler 
ratio less than or equal to 0.3. These five patients all had 
mixed aortic valve disease with both moderate aortic ste•
nosis and moderate aortic insufficiency. 
Discussion 
In this study, we tested several ultrasound methods for 
detennining the severity of aortic stenosis in adults. Al•
though we and others (3-10) have shown that velocity mea-
JACC Vol 7, No 3 
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sures can be used to predict the transvalvular gradient ac•
curately, pressure gradient alone is of limited use in a 
population of patients in whom trans aortic flow may be 
increased (because of coexisting aortic insufficiency) or de•
creased (because of left ventricular dysfunction). In these 
situations, aortic valve area provides a more meaningful 
measure of the severity of stenosis. We noted aortic insuf•
ficiency in over 80% and impaired left ventricular function 
in one-third of our adult patients with aortic stenosis. We 
believe the relatively high prevalence of conditions that raise 
or lower trans aortic volume flow is representative of clinical 
practice, because we studied consecutive patients undergo•
ing catheterization for clinically suspected aortic stenosis. 
If the maximal Doppler pressure gradient alone had been 
used to segregate patients as having severe versus mild to 
moderate stenosis, approximately one-quarter of our patients 
would have been misclassified, and 6 (19%) patients with 
severe stenosis would have been considered erroneously to 
have had insignificant disease. 
Accordingly, we have developed a noninvasive method 
to determine aortic valve area based on the concept that the 
total transaortic stroke volume must pass through the nar•
rowed aortic orifice during systole. Because stroke volume 
is equivalent to the systolic integral of flow (or mean flow 
velocity times flow duration) multiplied by the cross-sec•
tional area of flow, aortic valve area equals stroke volume 
divided by the systolic velocity integral of flow in the aortic 
jet. The general validity of this approach was confirmed 
using the aortic jet velocity curve measured by Doppler and 
the stroke volume measured by thermodilution. The ther•
modilution catheter measures forward stroke volume, how•
ever, so it is not surprising that the most accurate results 
were found in the subgroup with no or only mild aortic 
insufficiency. Our findings in this subgroup are comparable 
with the results of Warth et al. (12), who used a similar 
method in patients with isolated aortic stenosis. 
Doppler echocardiographic measurement of aortic 
valve area based on volume flow and systolic velocity 
integral of How. In order to calculate aortic valve area 
without having to insert a thermodilution catheter, a non•
invasive measurement of stroke volume is needed. Doppler 
echocardiographic methods have been used by others to 
calculate volume flow in the ascending aorta (21 ,22), in the 
pulmonary artery (23) and through the mitral valve (24). 
These methods require: I) measurement of vessel diameter 
for calculation of the area of flow, assuming it is circular 
and negligibly pulsatile during the flow period, and 2) mea•
surement of the temporal average of the spatial mean flow 
velocity during the period of flow at that site. If flow is 
laminar and the flow velocity profile across the vessel is 
flat, integration of the Doppler flow curve is equivalent to 
the mean flow velocity times the duration of flow, as velocity 
is the first derivative of distance with respect to time. 
Ascending aortic flow cannot be used in patients with 
aortic stenosis because of the poststenotic flow disturbance. 
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We found measurement of volume flow in the pulmonary 
artery to be difficult in this popUlation, because of frequent 
inability to image pulmonary artery diameter (27). Volume 
flow measured across the mitral valve was not useful because 
of the high prevalence of mitral anular calcification (which 
impairs accurate measurement of mitral anulus diameter) 
and of coexisting mitral regurgitation (which will increase 
transmitral flow) (27). In addition, volume flow in the pul•
monary artery or across the mitral valve cannot be substi•
tuted for total transaortic stroke volume in patients with 
coexisting aortic regurgitation, which was present in the 
majority of our patients. 
In patients without aortic valve disease, volume flow can 
be measured accurately in the left ventricular outflow tract, 
just below the aortic valve (24). The fluid dynamics of a 
stenotic valve suggest that flow proximal to the stenosis is 
laminar and normal in velocity (28,29). Therefore, we pos•
tulated that even in patients with aortic stenosis, transaortic 
flow could be measured in the left ventricular outflow tract. 
This measurement, divided by the systolic velocity integral 
of flow in the high-velocity jet, would provide a measure 
of aortic valve area that could be determined totally 
noninvasively. 
Our results using this method compared well (r = 0,86) 
with aortic valve areas measured by the Gorlin formula at 
catheterization, and are encouraging. The scatter of the data 
around the regression line probably is due to limitations of 
both the Doppler and catheterization methods, as discussed 
below. 
Dimensionless Doppler index. In order to develop a 
simpler method for evaluating aortic stenosis, and to avoid 
assumptions about left ventricular outflow tract geometry, 
we examined the relation between aortic valve area and a 
dimensionless Doppler index calculated as the ratio of the 
systolic velocity integral of flow in the outflow tract to the 
systolic velocity integral in the aortic jet. A ratio less than 
or equal to 0.3 was found to suggest severe aortic stenosis. 
This ratio was superior (sensitivity = 97%) to the Doppler 
pressure gradient (sensitivity = 81%) in identifying severe 
stenosis-five patients with a valve area less than or equal 
to 1,0 cm2 but a Doppler gradient less than 50 mm Hg were 
correctly identified as having severe aortic stenosis by this 
ratio. 
Although the specificity of the Doppler index in identi•
fying severe aortic stenosis was only 69%, its specificity in 
identifying significant aortic valve disease in our population 
was much higher. The five patients with a ratio less than 
or equal to 0,3 but without severe stenosis all had moderate 
aortic stenosis (mean valve area 1.3 cm2) and coexisting 
moderate aortic insufficiency, These five patients represent 
a difficult group clinically, and we consider them to have 
significant "mixed" aortic valve disease. At follow-up, two 
have undergone aortic valve replacement, one died before 
valve replacement could be done, one had angioplasty for 
coexisting coronary disease but did not improve sympto-
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matically and one has been treated medically and ha~ stable 
symptoms. Thus, four of the five probably needed aortic 
valve surgery. 
The use of a ratio of 0.3 to distinguish severe from mild•
moderate stenosis is arbitrary, having been defined empir•
ically in the first 27 patients we studied. It is possible that 
a slightly different value may give better results when more 
patients are studied. Interestingly, the even simpler ratio of 
the maximal outflow tract velocity to the maximal aortic jet 
velocity gave the same results. Currently, further investi•
gation of this ratio in evaluating the severity of valvular 
aortic stenosis is in progress. It should be emphasized that 
this ratio cannot be used in patients with subvalvular ob•
struction as flow velocities in the outflow tract will be 
increased. 
Limitations of catheterization measures. Measure•
ment of aortic valve area at catheterization depends on ac•
curate pressure measurement and on accurate determination 
of transaortic flow. Although care was taken, the use of 
fluid-filled catheters and the nonsimultaneous measurement 
of aortic and left ventricular pressures in many patients may 
have resulted in inaccuracies, especially for small valve 
gradients. Furthermore, Doppler velocity and catheteriza•
tion pressure measurements were not simultaneous. Spon•
taneous changes in hemodynamics, as suggested by heart 
rate measurements, might have been responsible for some 
of the discrepancy between Doppler and catheterization 
measures; studies done simultaneously have shown better 
agreement (10). The single-plane angiographic determina•
tion of stroke volume has an accuracy of about ± 7% (18). 
Moreover, although angiographic stroke volumes were used 
for valve area calculations in the majority of patients (in•
cluding those with severe aortic insufficiency), left ventric•
ular angiography was not done in all patients. Finally, an•
giographic assessment of aortic insufficiency was performed 
infrequently. 
Even when the primary data are accurate, assumptions 
in the Gorlin formula itself lead to a calculated valve area 
that is only within ± 0.2 cm2 of the actual value (29,30). 
In addition, the two methods probably measure slightly dif•
ferent orifices; the Gorlin formula measures the anatomic 
valve area, whereas the Doppler method should measure 
the area of the jet. This is smaller than the anatomic orifice 
because of contraction of the flow stream as it passes through 
the stenosis (29). 
Limitations of Doppler measures. The Doppler method 
of aortic valve area calculation also depends on several 
assumptions. The flow in the jet itself is assumed to be 
laminar. Theoretical considerations and experimental data 
suggest that this holds true except, perhaps, for extremely 
small or deformed orifices, which may produce a "spray" 
instead of a jet (29,31-33). Left ventricular outflow tract 
flow is assumed to be laminar, and its velocity profile is 
assumed to be flat (blunt). Laminar flow was confirmed in 
our popUlation, in whom pulsed Doppler recordings dem-
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onstrated a smooth envelope of flow. The converging shape 
of the outflow tract and the pulsatile nature of flow should 
make the flow velocity profile relatively flat across the out•
flow tract. In each patient, careful positioning of the sample 
volume at multiple sites was done to demonstrate that the 
flow velocity was uniform across the outflow tract in the 
area just below the valve. The Doppler method also assumes 
that the left ventricular outflow tract is circular, that its cross•
sectional area is constant during systole and that flow fills 
the anatomic area just below the valve. These assumptions 
about left ventricular outflow tract geometry and flow prob•
ably are reasonable approximations because Doppler trans•
aortic stroke volume in the outflow tract correlated signif•
icantly with angiographic stroke volume (27). 
Another potential objection to the Doppler data is the 
use of high pulse repetition frequency Doppler ultrasound 
to measure aortic jet velocity. We used this technique so 
that both flow and image data could be recorded with the 
same instrument, and because initially, we had greater ex•
perience with this technique. For consistency, the data pre•
sented in this study were based on high pulse repetition 
frequency Doppler measures of aortic jet velocity. However, 
in this group of patients the agreement between high pulse 
repetition frequency and continuous wave Doppler measures 
was excellent, with the slope of the regression line near 
unity and a small negative y intercept. Hence, the results 
of gradient determinations, aortic orifice area calculations 
and Doppler index ratios were essentially unchanged when 
continuous wave Doppler findings were substituted for high 
pulse repetition frequency measures of aortic jet velocity. 
Conclusions. We conclude that, albeit accurate, mea•
surement of the Doppler pressure gradient alone can be 
misleading in adults with aortic stenosis, as left ventricular 
dysfunction and aortic insufficiency are common in these 
patients. Calculation of aortic valve area by Doppler ultra•
sound is feasible, based on the concept of volume flow 
through the narrowed orifice. However, measurement of 
forward cardiac output (by thermodilution or by Doppler 
echocardiographic data recorded in the mitral orifice or in 
the pulmonary artery) is inadequate in many patients; a 
measure of trans aortic volume flow is needed. Measurement 
of volume flow in the left ventricular outflow tract appears 
promising, and permits a totally noninvasive calculation of 
aortic valve area. A related and simplified index, namely 
the ratio of flow in the outflow tract to flow in the aortic 
jet, has promise as a practical means of identifying patients 
with severe stenosis, even when impaired left ventricular 
function is present. These latter two approaches deserve 
further study. 
Addendum 
Subsequent to acceptance of this manuscript, a report by 
Skjaerpe et a1. (34) using Doppler ultrasound and two-di•
mensional echocardiography to determine aortic valve area 
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noninvasively in 30 patients with aortic stenosis was pub•
lished, The method used by these investigators, developed 
independently, was quite similar to our own and our results 
are in close agreement with theirs, These independent data 
add additional support to this approach for determining aor•
tic valve area in a noninvasive manner. 
We thank the attendmg cardiologIst, who referred patIent; tor ,tudy, and 
the UniversIty HospItal cathetenzatIon laboratory personnel for theIr co•
operation, 
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